Dual-probe microdialysis (with HPLC and electrochemical detection) in freely moving rats and single-unit recording in anesthetized rats were used to study the extent to which impulse flow through the ventral tegmental area (VTA) contributes to elevations in nucleus accumbens (NAS) dopamine (DA) evoked by stimulation of the ventral subiculum (VS). During perfusion of artificial extracellular fluid into the VTA, injections of 0.74 g of the excitatory amino acid NMDA into the VS elevated accumbens DA to Ͼ150% of basal values. During intra-VTA perfusion of either 1 M tetrodotoxin (which blocks impulse flow) or 1 mM kynurenic acid (which blocks excitatory glutamate receptors), injections of NMDA into the VS failed to elevate accumbens DA. Thus, increased impulse flow through VTA DA neurons, mediated by excitatory glutamate inputs to this region, appears critical for VS stimulation to elevate NAS DA. Increased impulse flow through VTA DA neurons was confirmed using single-unit recording in anesthetized rats. Intra-VS NMDA injections increased the firing rates of 45% (14 of 31), decreased the firing rates of 13% (4 of 31), and had no effect on 42% (13 of 31) of VTA DA neurons. Increases in firing rates were evident within 15 min of NMDA injections, a time at which VS NMDA injections elevate accumbens DA in awake animals. The results of the present experiments identify the VTA as a critical site through which outputs from the VS modulate NAS dopaminergic neurotransmission.
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Key words: ventral subiculum; microdialysis; tetrodotoxin; single unit; NMDA; ventral tegmental area; accumbens; dopamine Dopaminergic projections from the ventral tegmental area (VTA) to the nucleus accumbens septi (NAS) are involved in investigatory behaviors evoked by novel stimuli (Fink and Smith, 1980; Tagzhouti et al., 1985; Schultz and Romo, 1990; Ljungberg et al., 1992) and are thought to be involved in the reinforcement of adaptive investigatory approach evoked by naturally occurring rewards (Wise and Rompré, 1989; Schultz, 1998) and habitforming drugs (Wise and Bozarth, 1987; Wise, 1996) . Both NAS dopamine (DA) and investigatory behavior appear to be influenced by projections from the ventral subiculum (VS) of the hippocampus. Stimulation of the VS elevates NAS DA (Blaha et al., 1997; Brudzynski and Gibson, 1997; Legault and Wise, 1999) and increases investigatory behavior (Yang and Mogenson, 1987; Brudzynski and Gibson, 1997; Legault and Wise, 1999) that is abolished by disruption of dopaminergic transmission (Wu and Brudzynski, 1995; Brenner and Bardgett, 1998) . There are at least two mechanisms through which projections from the VS may influence NAS DA. First, glutamate released from direct projections from the VS to the NAS (Walaas, 1981; Christie et al., 1987; Fuller et al., 1987; Totterdell and Smith, 1989; Sesack and Pickel, 1990b ) may evoke impulse-independent DA release by actions on dopaminergic terminals (Romo et al., 1986a,b; Glowinski et al., 1988; Blaha et al., 1997; Brudzynski and Gibson, 1997) . The idea that glutamate might mediate transmitter release from dopaminergic terminals has been studied largely in the context of prefrontal cortex (PFC) stimulation, which elevates NAS DA (Murase et al., 1993; Karreman and Moghaddam, 1996) . Although the PFC sends glutamatergic projections to both the NAS (Christie et al., 1987; Fuller et al., 1987; Sesack et al., 1989) and to the VTA (Christie et al., 1985; Sesack et al., 1989; Sesack and Pickel, 1990a) , recent microdialysis studies suggest that it is the projections to the VTA that are critical for PFC-evoked elevations in NAS DA Karreman and Moghaddam, 1996; Rossetti et al., 1998; You et al., 1998) .
Alternately, projections from the VS may indirectly influence dopamine release in the NAS by influencing the firing rates of VTA dopaminergic neurons. Although the VS is not known to project directly to the VTA, we have recently found that NMDA injection into the VS elevates VTA as well as NAS DA (Legault and Wise, 1999) . VS-induced elevations in VTA DA are assumed to reflect dendritic transmitter release resulting from increased impulse flow through dopaminergic neurons, raising the possibility that the VS can activate VTA dopaminergic neurons trans-synaptically.
The present experiments were designed to determine if synaptic input to the VTA constitutes a critical link in the circuitry through which the hippocampus modulates NAS DA. First, dualprobe microdialysis was used to determine if elevations in NAS DA evoked by intra-VS injections of NMDA are (1) dependent on impulse-flow through the VTA, and (2) mediated by activation of glutamate receptors in the VTA. In a second experiment, action potentials from VTA dopaminergic neurons were recorded in anesthetized rats, and firing rates were monitored before, during, and after NMDA injections into the VS.
MATERIALS AND METHODS Subjects
Seventy-one male L ong-Evans rats (Charles River, St. Constant, Quebec, C anada) were used for these experiments. The rats, weighing between 300 and 400 gm at the time of surgery, were housed in pairs before and individually after surgery. They were maintained on a 12 hr light /dark cycle. Food and water were available ad libitum.
Microdialysis studies
Surger y. T wenty-six rats were anesthetized with pentobarbital (60 mg / kg, i.p.) and placed in a stereotaxic frame. Each animal was implanted unilaterally with three guide cannulae; an 18 gauge cannula designed to guide a microdialysis probe was aimed at each the NAS and V TA, and a 22 gauge guide cannula was aimed at the VS. To maximize the distance between cannulae, NAS and VS cannulae were implanted with the incisor bar elevated 5 mm above the interaural line, whereas V TA cannulae were implanted with the incisor bar adjusted to set bregma and lambda at the same horizontal level. Coordinates for NAS cannulae were as follows: 3.2 mm anterior to bregma, 2.4 mm lateral to the saggital suture, and 3.0 mm below dura (NAS cannulae were angled 10°toward the midline to avoid penetrating the lateral ventricle; the vertical coordinate refers to the distance along this vector). Coordinates for VS and V TA cannulae were, respectively: anteroposterior (AP), Ϫ3.2 mm; lateral (L), 4.8 mm; ventral (V), Ϫ6.8 mm; and AP, Ϫ5.0 mm; L, 1.1; V, Ϫ3.8 mm. Probe cannulae were fitted with obturators that were flush with the cannula tip. Injection cannulae were fitted with obturators that extended 1 mm beyond the cannula tip. C annula assemblies were secured in place with dental cement, and four stainless steel screws were threaded into the skull. After recovery from anesthesia, each animal was returned to the colony room for at least 7 d before implantation of microdialysis probes.
Microdial ysis procedure. Concentric microdialysis probes were constructed such that a length of dialysis membrane (Hospal AN69; molecular weight cutoff, 40 kDa) extended 4 mm (NAS) or 5 mm (V TA) beyond the tip of a 22 gauge stainless steel shaft that ended flush with the bottom of each guide cannula. Epoxy cement coated the external membrane surface for 1 mm beyond the guide cannula (NAS probes) or 3 mm beyond the guide cannula (V TA probes). Lengths of f used silica tubing (inner diameter, 75 m; outer diameter, 150 m) were used for both the fluid inlet and outlet. The fluid inlet terminated at the distal end of the probe near the membrane tip. The fluid outlet originated just inside the probe shaft. Both the inlet and outlet were glued with epoxy cement to the top of the probe shaft. Microdialysis probes were inserted into the brain at least 18 hr before the beginning of any experiment. Each animal was anesthetized with a low dose of sodium pentobarbital (30 mg / kg, i.p.), and probes were inserted and fixed in place with dental cement. Probes were connected to a dual-channel liquid swivel and continuously perf used with a solution of artificial C SF (aC SF) using a microdialysis pump (Harvard); flow rate was set at 1.0 l /min. The aC SF comprised 2.0 mM Sorenson's phosphate buffer containing (in mM): 145 NaC l, 2.8 KC l, 1.2 MgC l, 1.2 C aC l, and 0.2 ascorbate, pH 7.3-7.4. E xperiments designed to determine the effects of intra-V TA dialysis of TTX (1 M) or kynurenic acid (K YN, 1 mM) on elevations in NAS DA evoked by intra-VS injections of NMDA were performed over a 2 d period. On day 1, either TTX or K YN was inf used into the V TA before, during, and after injections of NMDA into the VS. NAS dialysate samples were first collected during dialysis of aC SF into the V TA. Consecutive 15 min (15 l) samples were collected until DA content (in picograms) varied by Ͻ15% for 90 min (six samples). The mean DA content of the last six samples was defined as baseline. The V TA perf usate (aC SF) was then replaced with either K YN or TTX, and 20 min were then allowed for flow rates to stabilize before collection of the next sample. After this stabilization period, either four (K YN test) or six (TTX test) consecutive samples were then collected from the NAS probe. NMDA (0.74 g in 0.5 l, injected in 1 min) or vehicle (aC SF) was then injected into the VS, and NAS dialysate samples were collected for 2 hr. Finally, 2 hr after the NMDA injection, K YN or TTX solutions were replaced with aC SF. Animals that had received intra-VS NMDA injections on day 1 were tested again on day 2. On this day, both NAS and V TA probes were perf used with aC SF. Baseline samples from the NAS were collected as described above; NMDA was then injected into the VS, and NAS dialysate samples were collected for 2 hr. This test allowed us to confirm the effectiveness of the site of injection into the VS.
Anal ytical procedure. Dialysate samples were analyzed on-line for dopamine content by HPLC with electrochemical detection. Dopamine was isolated using a reverse-phase column (Supelco; supelcosil, 3 mm, LC -18) and quantified using an ESA Coulochem II detector (model 5200) and an analytical cell (ESA model 5011) with two electrodes in series. The potential of the first (oxidizing) electrode was set at 340 mV (500 nA) and second electrode (reduction) was set at Ϫ270 mV (5 nA). The mobile phase (in deionized water) consisted of 60 mM NaH 2 PO 4 , 3.0 mM ascorbate, 15% v/ v M EOH, 0.035 mM SDS, and 0.1 mM EDTA with a pH adjusted to 3.5 using NaOH. The detection threshold for DA was at least 0.5 pg.
Single-unit recording of VTA DA neurons
Forty-five rats were used for electrophysiological experiments. Each animal was anesthetized with urethane (1.2 gm / kg, i.p.) and mounted in a stereotaxic frame. The surface of the skull was exposed, and a 22 gauge guide cannula was implanted into the VS at the coordinates previously mentioned. The cannula was secured with wax to two stainless steel screws threaded into the skull. A 28 gauge injection cannula containing an NMDA solution was inserted into the guide cannula and left in place for the remainder of the experiment. The incisor bar was then lowered to set bregma and lambda to the same horizontal plane. The bone and dura above the V TA ipsilateral to the VS injection cannula were removed. A glass micropipette (1-2 m tip diameter; impedance, 2-7 M⍀ at 1000 Hz) filled with Pontamine sky blue (0.2% w/ v) was lowered into the V TA by hydraulic microdrive. Dopamine neuron action potentials were identified according to classical criteria of Bunney and Grace (1978) : (1) initially positive-going biphasic or triphasic action potentials with a large second negative segment and a duration longer than 2.5 msec; (2) slow, irregular basal firing rate (1-8 Hz); (3) location in the V TA. Dopamine action potentials were isolated from noise using the C luster Cutting module of the Discovery software package (DataWave Technologies). Once a dopaminergic neuron was identified and isolated, baseline firing was recorded for at least 5 min. Either NMDA or aC SF was then injected into the VS, and action potentials were recorded for another 15 min. In four cases no injection was made, and the cell was recorded for at least 30 min to determine the magnitude of firing rate variation over time.
Drugs and intracranial injections
NMDA was dissolved in aC SF at a concentration of 1.48 g/l, and 0.5 l was injected centrally, at a flow rate of 1 l /min through a 28 gauge injection cannula. This dose of NMDA was chosen on the basis of a previous study, showing that it increases both DA in the ipsilateral NAS and V TA DA and locomotor activity in awake freely moving rats (Legault and Wise, 1999) . Solutions of K YN and TTX were mixed fresh in aC SF and sonicated for at least 20 min immediately before perf usion through microdialysis probes. The concentration of kynurenic acid (KYN, 1 mM) was chosen on the basis of a previous study showing that intra-V TA application of this concentration via dialysis blocks elevations in NAS DA evoked by stimulation of the PFC (You et al., 1998) . The concentration of TTX (1 M) was chosen because it is on the lower end of the range of concentrations that reduce NAS DA when perf used either into the NAS (Westerink et al., 1987) or V TA Karreman and Moghaddam, 1996) .
Data analysis
For microdialysis experiments, basal DA was estimated by calculating the mean DA content (in picograms) in the six dialysate samples collected before experimental treatments. Each animal's mean baseline was then used to convert the DA content of each of its samples into a percentage of baseline value. For analysis of data from electrophysiological experiments, perievent time histograms with 10 sec bins were generated offline. For each cell, mean firing rates were calculated for the 5 min preinjection period and for each of the 5 min periods that followed. The 5 min preinjection firing rate was taken as baseline. Postinjection values were then expressed as percentage of baseline firing rate. A cell was considered to have changed its firing rate if there was a minimum of 10% difference from baseline in at least two of the three postinjection periods.
Treatment effects between groups were determined using two-way repeated measures ANOVA with time as a repeated measure, and post hoc comparisons were made using Student's t test. Within-groups treatment effects were analyzed using one-way repeated measures ANOVA with Time as a repeated measure. Post hoc comparisons between baseline and treatment effects were made using Fisher's least significant difference test (L SD) with the level of statistical significance was set at p Ͻ 0.05.
Histology
At the end of electrophysiological experiments, the recording site was marked with Pontamine sky blue by passing a 20 -40 nA cathodal current through the glass micropipette for 25 min. The brain was removed from each animal and stored in a 10% formalin solution. At the end of microdialysis experiments, each rat was deeply anesthetized by injection of sodium pentobarbital (60 mg / kg) and transcardially perf used with normal saline followed by a 10% formalin solution. All brains were stored in 10% formalin for at least 1 week and subsequently sliced in 20 m sections with a microtome; recording, microdialysis, and injection sites were localized by examination under low magnification in a light microscope. The locations of microdialysis membranes, VS injection cannulae, and recording pipette tips are represented in Figure 1 .
RESULTS

Effect of TTX perfusion into the VTA
Perfusion of TTX (1 M) through VTA microdialysis probes decreased NAS DA in all animals. During application of TTX to the VTA, NAS DA levels decreased steadily until, by the fifth post-TTX sample, DA was reduced to Ͻ20% of baseline. DA levels remained below 20% of baseline throughout the remainder of the TTX infusion. In animals that were to receive NMDA injections into the VS, the mean baseline value of NAS DA was 0.57 (Ϯ 0.038) pg/l and was decreased to a minimum of 0.074 pg/l, whereas in animals that were to receive aCSF injections, the mean baseline value of 0.65 (Ϯ 0.057) pg/l was decreased to a minimum of 0.097 pg/l. Perfusion of TTX into the VTA prevented the elevations in NAS DA normally induced (day 2 test) by NMDA injections into Effect of NMDA injections into the VS on nucleus accumbens dopamine (mean percentage of baseline Ϯ SEM) during TTX perfusion into the VTA (day 1) and during aCSF perfusion into the VTA on day 2. Microdialysis samples were collected every 15 min, and TTX perfusion was initiated after the sixth sample. TTX decreased NAS DA (F (8,19) ϭ 122.0; p ϭ 0.0001). Either NMDA or aCSF was injected into the VS 90 min after the initiation of TTX perfusion (after sample 12). NMDA had no effect on NAS DA; there was no difference NAS DA between animals injected with NMDA or aCSF (F (1,19) ϭ 1.35; p ϭ 0.1604) nor was there a difference between the sample collected immediately before the NMDA injection and any subsequent sample (Fisher's LSD, p Ͼ 0.05). Data from the day 2 test are shifted to the right on the abscissa to align with the NMDA injection; the first six symbols represent baseline samples, and subsequent symbols represent samples collected after NMDA injections. Note also that the VTA probe was perfused with aCSF rather than TTX on day 2. Filled symbols indicate significant differences from baseline (Fisher's LSD, p Ͻ 0.05).
the VS (Fig. 2) . During TTX infusions, there were no detectable differences in NAS DA levels between animals that received intra-VS NMDA or intra-VS aCSF injections. Thus, at no point after NMDA injections (administered 90 min after the initiation of TTX perfusion) was NAS DA Ͻ20% of baseline.
Each of the animals receiving intra-VS NMDA injections during TTX perfusion into the VTA on day 1 were tested again on day 2 during perfusion of aCSF into the VTA. On day 2, baseline dopamine was 0.57 (Ϯ 0.036) pg/l. NMDA injections increased NAS DA to a maximum of 0.867 pg/l or 152% of basal values. For two animals that had been tested on day 1, the effectiveness of the VS injection site could not be confirmed because NAS dialysis probes broke between day 1 and day 2; day 1 data were therefore not included in the analyses. For each of these animals NMDA injections failed to elevate NAS DA on day 1. Histological examination revealed that the injection cannula of each of these animals was placed in the VS.
Effect of KYN perfusion into the VTA
Perfusion of KYN through VTA microdialysis probes prevented the elevation of NAS DA by intra-VS NMDA injections (Fig. 3) . In animals that received NMDA injections, the mean basal value of NAS DA was 0.48 (Ϯ 0.027) pg/l, whereas in animals that received aCSF, the mean basal value was 0.52 (Ϯ 0.016) pg/l. At no point after NMDA injections (administered 60 min after the initiation of KYN perfusion into the VTA) were NAS DA levels different from baseline. In animals that received aCSF injections during KYN perfusion there was a small but reliable decrease in NAS DA. There was no difference in NAS DA between animals receiving KYN ϩ VS NMDA injections and those receiving KYN ϩ aCSF (treatment, F (1,17) ϭ 5.246; p Ͼ 0.05).
Each animal tested on day 1 during intra-VTA perfusion of KYN was tested again on day 2 during perfusion of aCSF into the VTA. Injections of NMDA into the VS on day 2 increased NAS DA. Baseline dopamine values on day 2 were 0.65 (Ϯ 0.024) pg/l. After NMDA injections, NAS DA peaked 1.4 pg/l or 160% of baseline. For two animals, the effectiveness of VS injection sites could not be confirmed by a day 2 test because NAS microdialysis probes broke between day 1 and day 2. Although histological examination revealed cannula placements in the VS, data from these animals was not included in the statistical analyses. Data from an additional three animals that received VTA-KYN and NMDA injections were also excluded. For one animal the VTA microdialysis probe was anterior to the VTA; in this animal KYN infusion failed to block NMDA-induced elevations in NAS dopamine. For the other two animals, NMDA injections on both day 1 and day 2 failed to elevate NAS DA. Histological analysis revealed that injection cannula were placed anterior to the VS bordering the posterior basolateral amygdala (data not shown).
Single-unit recording of VTA dopaminergic neurons
Injection of 0.74 g of NMDA into the VS increased the firing rates of 45% (14 of 31), decreased the firing rates of 13% (4 of 31), and failed to produce sustained alterations in the firing rates of 42% (13 of 31) of VTA DA neurons (Table 1) . Perievent time histograms, each from a representative neuron in which intra-VS NMDA injections increased firing rate, decreased firing rate, or produced no sustained effect in firing rate are shown in Figure 4 . A total of 35 cells were recorded after NMDA injections into the VS. Only data from cells that were recorded for at least 15 min after NMDA injections were included in statistical analyses for changes in firing rate. This criterion was set for electrophysiological data to coincide with the timing of the first microdialysis Figure 3 . Effect of NMDA injections into the VS on nucleus accumbens dopamine (mean percentage of baseline Ϯ SEM) during perfusion of KYN into the VTA (day 1) and during aCSF perfusion into the VTA on day 2. Microdialysis samples were collected every 15 min, and KYN perfusion was initiated after the sixth sample. One hour later (after the tenth sample) either NMDA or aCSF was injected into the VS. NMDA had no effect on NAS DA; there was no difference between baseline and post-NMDA samples (F (4,17) ϭ 0.478; p ϭ 0.9181). KYN caused a slight decrease in NAS DA in animals injected with aCSF (F (3,17) ϭ 3.996; p ϭ 0.006). Data from the day 2 test are shifted to the right on the abscissa to align with the NMDA injection; the first six symbols represent baseline samples, and subsequent symbols represent samples collected after NMDA injections. Note also that the VTA probe was perfused with aCSF rather than KYN on day 2. Filled symbols indicate significant differences from baseline (Fisher's LSD, p Ͻ 0.05).
sample collected after NMDA injections in the present and in previous experiments (Legault and Wise, 1999) . Complete data sets were obtained from 26 cells. For the other nine cells, the firing rates became erratic, action potentials distorted, and the cells were lost before the 15 min postinjection period was completed. However, for five of these cells, action potentials were recorded for at least 10 min after NMDA injections. The effects of NMDA on the firing rates of these cells are included in the descriptive statistics (total of 31 cells).
Of the 14 cells that increased firing, 10 were recorded for the entire 15 min session without incident. For these 10 cells, the mean firing rate over the 15 min session was increased to 156% (Ϯ 15.0) of baseline (time, F (9,27) ϭ 4.257; p ϭ 0.0138). The mean firing rates of these cells at each of the three postinjection intervals (5 min each) was greater than those of control cells (treatment ϫ time interaction, F (3,51) ϭ 14.3, p ϭ 0.0001; Fisher's LSD, p Ͻ 0.05). For three cells that increased firing rate after NMDA injections, the dopamine agonist quinpirole (200 g/kg, i.p.) was injected 10 min after NMDA. Within 10 min of the quinpirole injection, there was a gradual decrease in firing rate characteristic of dopaminergic neurons (data not shown). Finally, NMDA appeared to stimulate one cell into depolarization block; within 5 min of the NMDA injection there was a rapid increase in the firing rate of this cell (from 4.7 to approximately 15 Hz) followed by complete suppression of activity. Quinpirole (200 g/kg, i.p.) was injected 10 min after NMDA, and within 5 min firing was reinstated. The mean firing rate in the first 5 min after the reinstatement firing was 160% of baseline and gradually declined over the next 10 min (data not shown).
For the four cells in which NMDA decreased firing by Ͼ10% of baseline firing rate, the mean firing rate over the 15 min session was 59% (SEM Ϯ 8.9%) of baseline. Decreases in firing rates were sustained throughout the recording session, however they did not attain statistical significance (main effect of time, F ϭ 3.11, p ϭ 0.81) likely because of the small sample size (n ϭ 4). For the 13 cells in which intra-VS NMDA injections evoked Ͻ10%, changes in the mean firing rate was 99.6% (SEM Ϯ 0.92%) of baseline. The firing rates of cells recorded after intra-VS injection of aCSF were not different from those of cells recorded without injections; data from these control groups were pooled. Over the 15 min session the mean firing of control cells was 96.6% of baseline. Within each of the three 5 min periods, the firing rate of no single control cell differed from its baseline firing rate by Ͼ10%. Nonetheless, relative to baseline, there was a statistically reliable decrease in the firing rates of control cells over the recording period with a mean decrease to 96% of baseline (F (3,24) ϭ 2.97; p Ͻ 0.05).
NMDA often caused complex, multiphasic changes in the firing patterns of some VTA DA neurons. Often, NMDA injections resulted in a biphasic response; there was an initial inhibition followed by a return to basal firing rate or a sustained increase in firing rate. In three cells, NMDA injections produced triphasic effects, with either increases or decreases in firing rate occurring between changes in the opposite direction. Thus, although NMDA failed to cause uniform sustained changes in the mean firing rates of many (42%) neurons recorded for 15 min, these neurons were not necessarily unresponsive to NMDA.
DISCUSSION
The present study confirms that chemical stimulation of the VS elevates NAS DA (Legault et al., 1995; Brudzynski and Gibson, 1997; Legault and Wise, 1999) . The present results add to evidence that the hippocampus can modulate dopaminergic transmission by demonstrating that VS stimulation can increase impulse flow through VTA dopaminergic neurons and by demonstrating that impulse flow through VTA dopaminergic neurons is critical for VS stimulation to increase NAS DA. Intra-VS injections of NMDA failed to increase NAS DA when impulse flow through dopaminergic neurons was disrupted by perfusion of TTX into the VTA (on day 1) but increased NAS DA during perfusion of aCSF the VTA (on day 2). VS-evoked elevations in NAS DA were comparable in both magnitude and duration, as we have previously reported (Legault and Wise, 1999) . Electrophysiological recordings confirmed that injections of NMDA into the VS increases the firing rates of at least a subpopulation of identified VTA dopaminergic neurons. The firing rates of ϳ50% of dopaminergic neurons were elevated by NMDA injections. These elevations were sustained for a minimum of 15 min, a time during which the same dose of NMDA increases locomotor activity and elevates both NAS and VTA DA collected from microdialysis samples in freely moving rats (Legault and Wise, 1999) . The present electrophysiological results are in partial agreement with a recent report from Todd and Grace (1999) in which the number and firing rates of dopaminergic neurons were recorded during multiple electrode descents into the VTA after intra-VS injections of NMDA (0.75 g, comparable to the dose used in the present study) or TTX (1 M). In the study of Todd and Grace (1999) , NMDA injections increased the number of electrophysiologically identified VTA dopaminergic neurons, whereas TTX injections decreased the number of identified dopaminergic neurons and their firing rates. Thus, both the present study and that of Todd and Grace (1999) demonstrate that the activity of VTA dopaminergic neurons is modulated by the VS. Furthermore, decreases in the activity of dopaminergic neurons associated with TTX injections provide evidence that the facilitory effects of NMDA on dopaminergic neuronal activity were mediated by activation, rather than by depolarization inactivation, of projections from the VS. Unlike the present study, however, Todd and Grace (1999) failed to obtain increases in the firing rates of dopaminergic neurons. Although there is no obvious explanation for this discrepancy between these two studies, it may be relevant that the basal firing rates of dopaminergic neurons reported by Todd and Grace (1999) (ϳ4.5 Hz) was higher than the basal firing rate reported here and was, in fact, comparable to the augmented firing rates of dopaminergic neurons evoked by NMDA injections.
In addition to monotonic increases in the firing rates of dopaminergic neurons, NMDA injections into the VS frequently caused a transient initial inhibition in firing rates and less frequently caused multiphasic alternations between increases and decreases in firing rates. These multiphasic effects of VS stimulation on dopaminergic neurons are consistent with the effects of electrical stimulation of the VS, which has been reported to cause brief inhibition followed by a long-latency increase in the burstfiring of VTA dopaminergic neurons (Harden and Grace, 1995) . The complex responses of dopaminergic neurons to VS stimulation suggest that the VS can modulate both inhibitory and excitatory inputs to VTA DA neurons. Modulation of both inhibitory and excitatory inputs to the VTA may account for the failure to obtain increases in the firing rates in some of the neurons recorded. Convergence of offsetting inputs to a recorded neuron may have resulted in no net increase in firing rate. Misalignment of the VS injection site with respect to VS outputs that converge on the recorded neuron might also account for some of the variability in NMDA-induced responses; it is possible that had dopaminergic neurons been recorded for longer periods, the NMDA would have spread into a region of the VS that gave rise to outputs that ultimately converged on and stimulated the recorded neuron. Nonetheless, it is clear from the present electrophysiological study and a previous microdialysis study (Legault and Wise, 1999) that NMDA injections into the VS have a net excitatory effect on VTA dopaminergic transmission, increasing dopaminergic cell firing and increasing both somatodendritic and terminal DA release.
The importance of increased impulse flow through dopaminergic neurons for elevations in NAS DA induced by VS stimulation was demonstrated by the effects of TTX perfusion into the VTA. Perfusion of TTX into the VTA reduced dopamine in the NAS to ϳ20% of basal levels and prevented the elevations in NAS dopamine normally evoked by stimulation of the VS. The reduction in NAS DA during perfusion of TTX into the VTA is in agreement with previous reports that basal extracellular DA in the striatum or NAS depends on the conduction of impulses (through voltage-gated sodium channels) from dopaminergic cell bodies and along the dopaminergic axons ascending the medial forebrain bundle (Keefe et al., 1992; Karreman and Moghaddam, 1996; Morari et al., 1996) . The failure of VS stimulation to elevate NAS DA during blockade of impulse flow through VTA dopaminergic neurons suggests that the hippocampus influences dopaminergic transmission primarily by increasing impulse flow through dopaminergic neurons rather than by evoking glutamatemediated impulse-independent dopamine release from terminals in the NAS. An alternative to the suggestion that NMDA injections into the VS elevate NAS DA by causing glutamate-induced impulseindependent DA release (Brudzynski and Gibson, 1997) is that glutamate acts presynaptically to enhance impulse-evoked transmitter release from dopaminergic terminals (cf. Grace, 1995) . This possibility was addressed by experiments in which KYN was perfused into the VTA during NMDA injections into the VS. Blockade of ionotropic glutamate receptors on dopaminergic cell bodies by application of KYN does not, like TTX, abolish impulse flow through dopaminergic neurons but shifts impulse activity from burst-firing to pacemaker-like firing (Grenhoff et al., 1988; Charlety et al., 1991) . Thus, during perfusion of KYN into the VTA, extracellular DA in the NAS was slightly reduced, by ϳ15%. These results are consistent with previous reports that blockade of ionotropic glutamate receptors in the VTA causes small reductions in NAS DA Karreman and Moghaddam, 1996) . Nonetheless, if glutamate could act on dopaminergic terminals to augment impulse-dependent transmitter release, then stimulation of subiculo-accumbens projections should still have elevated NAS DA. However, perfusion of KYN into the VTA completely abolished NMDA-induced elevations in NAS DA.
The present experiments support the conclusion that the primary mechanism through which VS stimulation elevates NAS DA is by increasing impulse flow through VTA dopaminergic neurons. In apparent discrepancy with these results are those of Blaha et al. (1997) , who reported that the electrical stimulation of the VS elevated the dopamine-like voltammetric signal recorded from the NAS and that these elevations were blocked by injections of glutamate receptor antagonists into the NAS. On the basis of their results, Blaha et al. (1997) concluded that VSevoked elevations in NAS dopamine were mediated by glutamatergic actions on dopaminergic terminals. In the present study, the only indication that stimulation of subiculo-accumbens glutamatergic inputs to the NAS might augment DA release was that intra-VTA KYN slightly decreased NAS DA in animals receiving aCSF injections, whereas there was no decrease in NAS DA in animals that received NMDA injections. However, differences in NAS DA between NMDA-injected and aCSF-injected animals were small and not statistically significant. Thus, although the present study cannot rule out the possibility of glutamatemediated transmitter release from dopaminergic terminals, they do suggest that the influence of such a phenomenon on VSevoked elevations in NAS dopamine is minimal and is not de-tected by microdialysis. Indeed, for exogenously applied glutamate to evoke impulse-independent elevations in NAS DA in a range detectable by microdialysis, high concentrations of glutamate (Ͼ1 mM) are required (Moghaddam et al., 1990; Keefe et al., 1992; Westerink et al., 1992) , and such concentrations appear to evoke DA release by causing spreading depression (Moghaddam et al., 1990; Svensson et al., 1994) .
Although the circuitry through which VS stimulation activates VTA DA neurons remains to be determined, the experiments involving intra-VTA perfusion of KYN suggest a glutamatergic link terminating in the VTA. One possible circuit involves projections from the hippocampus to the PFC (Swanson, 1981; Jay and Witter, 1991) . Electrical stimulation of the VS evokes excitatory responses in PFC neurons (Laroche et al., 1990; Jay et al., 1995) and at least some VS-activated PFC neurons project to the VTA (Jay et al., 1995) . Injections of NMDA into the VS induce FOS in the PFC (Klarner et al., 1998) , suggesting that the PFC is activated by conditions similar to those used in the present study. The PFC, in turn, provides well-characterized glutamatergic inputs to the VTA (Sesack and Pickel, 1990a; Rossetti et al., 1998) . Moreover, the microdialysis and electrophysiological data reported in the present study parallel those from studies of PFCevoked elevations in NAS DA. Activation the PFC elevates NAS and striatal DA and, as was the case with the present experiments involving VS stimulation, elevations in NAS DA evoked by PFC stimulation are blocked by intra-VTA perfusion of TTX (Karreman and Moghaddam, 1996) or of glutamate antagonists Karreman and Moghaddam, 1996; You et al., 1998) . The similar characteristic of PFC and VS-evoked elevations in NAS DA would be expected if such a common circuit were involved.
Subiculo-accumbens glutamate has been suggested to influence goal-directed behaviors by interactions with dopaminergic inputs to the NAS (Yang and Mogenson, 1987; Burns et al., 1993; Burns et al., 1996; Hitchcott and Phillips, 1997) . Dysfunctional interactions between these two inputs to the NAS have been suggested to be important in the pathophysiology of schizophrenia (Gray et al., 1991; O'Donnell and Grace, 1998) . Until recently, the study of interactions between hippocampal outputs and NAS DA has focused primarily on the direct hippocampal projection to the NAS. This focus has been based largely on the hypothesis that glutamate augments or induces transmitter release from dopaminergic terminals in this region. The results of the present study, in contrast, indicate that the VTA is an important site through which outputs from the VS ultimately modulate NAS DA by modulating mesolimbic impulse flow.
